Objective: Use comparison with indirect calorimetry to confirm the ability of our previously described equation to predict resting energy expenditure in mechanically ventilated patients.
I n severely ill patients, malnutrition is a frequent condition (1) that is associated with significant morbidity and mortality (2) . In intensive care units (ICU), malnutrition is responsible for excess morbidity and pro-longed stays (1) . Conversely, too high caloric intake can contribute to increasing dependency on mechanical ventilation and prolonging ICU stay (3) . Therefore, it is essential to obtain a precise nutritional evaluation, including assessment of caloric needs of critically ill patients at admission and regularly during their ICU stay.
In 1919, Harris and Benedict (4) developed predictive resting energy expenditure (REE) equations based on healthy volunteers' measurements. Thereafter, many authors suggested modifying their equations by using correction factors to better estimate REE in different subgroups of patients (5, 6) . Few of those studies concerned the severely ill, particularly mechanically ventilated patients. The most widely used correction factors were those proposed by Long et al. (6) , derived from a surgical population. However, REE calculated from those equations varied widely from indirect calorimetrically measured REE, with estimations ranging from Ϫ38% to ϩ43% in populations of initially ill patients at ICU admission (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) .
Today, indirect calorimetry remains the reference method for measuring REE but requires expensive equipment and technical expertise (21) . Moreover, that method has limitations in frequently encountered clinical situations. Its data collection is time consuming and imposes constraints modifying the organization of care. As a consequence, predictive formulas to estimate REE have been proposed and used in ICU.
In a previous work we identified four independent variables contributing to REE in 70 medical mechanically ventilated patients (21) : body weight (r 2 ϭ .14, p Ͻ .0001), height (r 2 ϭ .11, p ϭ .0002), minute ventilation (r 2 ϭ .04, p ϭ .01), and body temperature (r 2 ϭ .07, p ϭ .002). Thereafter, we derived a simple equation to predict REE based on these variables, and REE calculated with this equation was strongly correlated with REE measured by indirect calorimetry (r 2 ϭ .61, p Ͻ .0001). The objective of the present study was to validate this equation using a different subset of mechanically ventilated ICU patients. The REE estimates calculated with our equation, the usual Harris-Benedict formulas, and others' REE predictive methods suitable for medical mechanically ventilated patients were compared with REE measured by indirect calorimetry.
METHODS
This prospective validation study was conducted over a 6-month period in the medical ICU of a university hospital in Paris, France. In our ICU, REE assessment is conducted as part of routine patient care. The Ethics Committee of the Société de Réanimation de Langue Française approved the study design (reference number 03-75). Participants or their immediate family members were informed about the objective of the procedure. All patients (Ͼ18 yrs old) intubated and mechanically ventilated for Ͼ24 hrs were eligible. There were no exclusions of patients based on their preceding ICU length of stay. Patients were only measured once. All patients were fed, as it was the standard care in our unit, and the feeding regimen was not an exclusion criterion. Patients received polymeric isocaloric solution via a nasogastric tube (Sondalis Iso, 1 kcal/mL, 50% carbohydrates, 35% lipids, 15% proteins, Nestlé Clinical Nutrition, France) or parenteral solution (Clinomel N6-900, 1015 kcal/L, 47% carbohydrate, 39% lipids, 13% proteins, Baxter, France) when gastrointestinal tract was not functional. Continuous enteral feeding was stopped 4 hrs before measurements to eliminate nutrient thermogenesis. Patients were excluded if they presented any of the following conditions that could potentially be a source of calorimetric measurement errors, as previously reported (21, 22) : hemodynamic or respiratory instability, variations of the carbon dioxide pool, intravenous carbohydrate load Ͼ15 kcal/kg/day, air leaks in the respiratory system, accumulation of intermediate metabolites, and FIO 2 Ͼ80% (Table 1) .
The following variables were collected for each patient. The Simplified Acute Physiology Score II (23) was calculated at ICU admission and on the day of metabolic measurements. Cancer treatments, acquired immunodeficiency syndrome, and transplants were considered as immune deficiencies. Documented infection at the time of inclusion was defined as follows: bacteremia, urinary tract infection, pneumonia (protected specimen brush with Ͼ10 3 or bronchoalveolar lavage with Ͼ10 4 colony-forming units/mL or tracheal secretions with Ͼ10 6 colony-forming units/mL, 
The limits of accuracy of FIO 2 measurements for the metabolic cart we used were inspired concentrations of 0.21-0.80. a These data did not have a normal distribution.
leukocytes Ͼ25/field, and epithelial cells Ͻ25/ field) (24) . Severe infection was defined as sepsis associated with organ dysfunction, hypoperfusion, or hypotension (25) . Renal failure was defined as glomerular filtration rate Ͻ60 mL·min Ϫ1 ·1.73 m 2 calculated from a 24-hr urine collection (26) . Liver failure was defined as any two of the following: serum bilirubin Ͼ150 mol/L, serum aspartate aminotransferase Ͼ500 units/L, serum albumin Ͻ41 g/L, and clinical signs and symptoms of hepatic coma (21) . Measurements. For each patient, REE (kcal/day) predicted by Harris-Benedict equations (4) was calculated as follows: REE (men) ϭ 66.47 ϩ 13.75 ϫ body weight (kg) ϩ 5 ϫ height (cm) Ϫ 6.76 ϫ age (yrs); REE (women) ϭ 655.1 ϩ 9.56 ϫ body weight (kg) ϩ 1.85 ϫ height (cm) Ϫ 4.68 ϫ age (yrs). The values obtained with these equations were corrected according to Long and colleagues (6) as follows: corrected REE ϭ REE (Harris-Benedict) ϫ hypermetabolism factors. Hypermetabolism factors were 1.13 per 1°C over 37°C, 1.2 for minor surgery, 1.35 for major trauma or surgery, and 1.6 for severe infection (as defined above). No activity factor was applied, which does not modify REE (6), because all of our patients were resting. REE predicted by the Faisy equation (21) was calculated as follows:
Its variables were measured as follows: body weight with an electronic scale, height with measuring tape and the patient lying in a supine position, body temperature electronically in the ear, and minute ventilation with the respiratory device. In addition, we calculated REE with other predictive equations proposed by Swinamer, Fusco, and Ireton-Jones for critically ill patients (17, 27, 28) . REE (kcal/day) predicted by the Swinamer equation was calculated as follows: REE ϭ 945 ϫ body surface area (m 2 ) Ϫ 6.4 ϫ age (yrs) ϩ 108 ϫ body temperature (°C) ϩ 24.2 ϫ respiratory rate (cycles/min) ϩ 817 ϫ minute ventilation (L/min) Ϫ 4349. REE (kcal/day) predicted by the Fusco equation was calculated as follows: REE ϭ Ϫ 983 Ϫ 4 ϫ age (yrs) ϩ 32 ϫ height (in.) ϩ 11 weight (kg). REE (kcal/day) predicted by the Ireton-Jones equation for ventilated patients was calculated as follows: REE ϭ 1925 Ϫ 10 ϫ age (yrs) ϩ 5 ϫ body weight (kg) ϩ 281 ϫ gender (male ϭ 1, female ϭ 0).
Each patient's REE was then measured over 18 consecutive 5-min periods by indirect calorimetry with the Puritan-Bennett 7250 metabolic cart (Puritan-Bennett, Carlsbad, CA), as previously described (21) . This device measures inspired fractions of oxygen and carbon dioxide, expired fractions of oxygen and carbon dioxide, and minute ventilation at every respiratory cycle. The monitor software calculates oxygen consumption from the Haldane equation and REE based on Haldane's hypothesis and with de Weir's equations (29) . All measures are standard temperature, pressure, and dry gas (0°C, 760 mm Hg, dry gas conditions) corrected before display. The following four quality criteria to validate the simultaneous measurement of oxygen consumption, carbon dioxide production, and REE obtained for each 5-min period were used, as in our previous publication (21): 1) an FIO 2 variation Յ5% between measurements, because unstable FIO 2 can introduce error in REE measurements (27, 30) ; 2) expired fraction of carbon dioxide variations ϽϮ10% because expired fraction of carbon dioxide stability is a good indicator of CO 2 -pool steadiness; 3) a respiratory quotient between 0.7 and 1, because it characterizes metabolic stability (12, 31) ; and 4) no tracheal aspiration during each 5-min period. The following events led to the cessation of calorimetric measurements: shock, accidental extubation, gas leaks around the respiratory circuit, patient agitation, and need for urgent diagnostic or therapeutic procedures.
Statistics. The sample size was calculated based on data from our previous work (21) . The previously calculated mean REE was 1890 Ϯ 404 kcal/day. We estimated that a Ն400 kcal/ day difference between calculated estimations and measured values would be clinically meaningful. To detect such a difference (we used a ␤ risk of 10% and an ␣ error of 5%), Ն42 patients were required. Results are expressed as number (%), mean Ϯ SD, or median (range) for data not normally distributed. Analyses were conducted with Statview software (version 4.5, Abacus Concepts, Berkeley, CA). A paired Student's t-test was used to analyze between-method differences in REE values, and a significant difference was defined as an ␣ risk Ͻ5% (p Ͻ .05). Measured and calculated REE were compared by regression analysis, and then their agreement was assessed by Bland-Altman analysis (32) . Correlation coefficients r 2 were calculated using simple linear-regression analysis. The difference between the regression line and the identity line is a measure of the accuracy of the predictive equations. The mean bias in the Bland-Altman analysis represents the degree of systematic difference between measurement methods. A bias of zero would represent perfect agreement between methods. The SD of the bias, or precision, represents the random error or variability between methods. The limits of agreement between methods are defined as the mean difference Ϯ2 SD.
RESULTS
Sixty-five consecutive patients were eligible for REE measurements. Twenty patients were excluded: Four had air leaks in the breathing circuit (bronchopleural fistulas or bubbling chest tube system); four were extubated and 11 died before measurements could be obtained; and one had an FIO 2 Ͼ80%. Descriptive and demographic characteristics of the 45 patients included are summarized in Table 2 . We performed 810 REE measurements over 5-min periods; 118 (14.6%) of them were excluded from the statistical analysis because they did not meet the quality criteria we defined a priori. The metabolic and anthropometric data and REE calculated with predictive equations are summarized in Table 3 . Thirty-nine (87%) patients were fed by enteral route. The mean caloric intake in the 24 hrs preceding measurements of REE by indirect calorimetry was 899 Ϯ 564 kcal (p Ͻ .0001 vs. mean measured REE).
REE calculated with our equation correlated strongly with REE measured by indirect calorimetry (r 2 ϭ .62, p Ͻ .0001, y ϭ Ϫ102 ϩ 0.95x) ( Fig. 1A) , with a mean Bland-Altman bias of Ϫ192 Ϯ 277 kcal/day (95% confidence interval [CI] Ϫ355 to Ϫ29) (Fig. 1B) . The limits of agreement between the two methods were from Ϫ735 to 351 kcal/day. The 95% CI of the lower and upper limits of agreement were Ϫ887 to Ϫ60 and 221 to 503 kcal/day, respectively.
Measured REE and REE calculated with the Harris-Benedict equations were also correlated, but more weakly (r 2 ϭ .41, p Ͻ .0001, y ϭ 305 ϩ 0.98x) ( Fig.  2A) , with a mean Bland-Altman bias of 279 Ϯ 346 kcal/day (95% CI, 177-381) (Fig. 2B) . The limits of agreement be- tween the two methods were from Ϫ399 to 957 kcal/day. The 95% CI of the lower and upper limits of agreement were 9 to Ϫ236 and 794 to 1147 kcal/day, respectively.
REE calculated with the usual corrected Harris-Benedict equations was poorly correlated with measured REE (r 2 ϭ .18, p Ͻ .0001, y ϭ 1282 ϩ 0.23x) (Fig. 3A) , with a mean Bland-Altman bias of Ϫ357 Ϯ 750 kcal/day (95% CI, Ϫ578 to Ϫ137) (Fig. 3B) . The limits of agreement between the two methods were from Ϫ1827 to 1113 kcal/ day. The 95% CI of the lower and upper limits of agreement were Ϫ2239 to Ϫ1475 and 760 to 1524 kcal/day, respectively. The use of the Swinamer, Fusco, or Ireton-Jones predictive methods yielded weaker correlations between calculated REE and measured REE than our equation: r 2 ϭ .41 (p Ͻ .0001) (Fig. 4A) , r 2 ϭ .38 (p Ͻ .0001) (Fig. 5A) , and r 2 ϭ .39 (p Ͻ .0001) (Fig. 6A) , respectively. Mean Bland-Altman bias for the Swinamer equation was Ϫ1172 Ϯ 447 kcal/day (95% CI, Ϫ2048 to Ϫ296) and the limits of agreement between calculated and measured REE were from Ϫ2066 (95% CI, Ϫ2302 to Ϫ1829) to Ϫ278 kcal/day (95% CI, Ϫ515 to Ϫ41) (Fig. 4B) . Mean Bland-Altman bias for the Fusco equation was 76 Ϯ 359 kcal/day (95% CI, Ϫ628 to 780), and the limits of agreements between calculated and measured REE were from Ϫ642 (95% CI, Ϫ824 to Ϫ460) to 794 kcal/day (95% CI, 612 to 976) ( Fig.  5B ). Mean Bland-Altman bias for the Ireton-Jones equation was Ϫ339 Ϯ 356 kcal/ day (95% CI, Ϫ1037 to 359), and the limits of agreements between calculated and measured REE were from Ϫ1051 (95% CI, Ϫ1231 to Ϫ871) to 373 kcal/day (95% CI, 193 to 553) (Fig. 6B ).
DISCUSSION
This study is a continuation of our previous published work, in which we found four variables independently associated with determination of REE. To validate the precision of our predictive equation established with these variables, we assessed the REE of a group of mechanically ventilated patients different from the group with which the equation was originally derived. The results of this study confirmed that REE estimates obtained using weight, height, minute ventilation, and body temperature in our equation (21) were more accurate than both traditional predictive models and REE predictive methods suitable for medical mechanically ventilated patients, as substantiated by the Bland-Altman analysis, with its mean bias closest to zero and acceptable variability. Moreover, traditional Harris-Benedict equations did not accurately predict REE in our population of mechanically ventilated patients. When the hypermetabolism correction factors are applied, the mean bias was closer to zero but the predictions yielded wider variations, as reported previously (31) . These results validate the use of our Many publications over the last 30 yrs supported the concept that nutritional intake closely adapted to the patient's needs could reduce ICU morbidity and mortality (1) . Avoidance of malnutrition and overfeeding could reduce the morbidity associated with poor wound healing, immune deficiencies, infections, difficult ventilator weaning, and prolonged hospitalizations (1) (2) (3) 33) . Indeed, a simple, practical, and precise tool has been lacking to accurately estimate energy needs of ICU patients and adapt nutritional support appropriately.
The Harris-Benedict equations are still the most widely used predictive formulas to estimate caloric needs of ICU patients. They were extensively validated in different groups of healthy subjects (34, 35) but failed to predict correct caloric needs of malnourished patients or patients who were acutely ill (7, 9, 10, 14 -17) . Additional potential drawbacks have been identified since the advent of those equations: possible diminution of the metabolic activity in severely ill patients due to changes in medical practices, such as the widespread administration of sedatives, catecholamines, and vasopressors that might influence REE in ICU (31, 36) , and changes in the characteristics of ICU patients, who are now older and are more frequently overweight, two factors known to influence energetic needs (5, 37) . In this way, we found a moderate correlation between REE calculated with the corrected or uncorrected Harris-Benedict equations and measured REE in the subset of our patients requiring inotropic and/or vasopressor support. Other REE predictive equations are suitable for medical mechanically ventilated patients, but our results showed a weaker correlation than our method when we applied these equations to our patients, confirming previous published data in surgical patients (28) . Indeed, the Swinamer, the Fusco, and the Ireton-Jones equations were derived from mainly surgical populations with metabolic data that did not take into consideration the complete limitations of indirect calorimetry, explaining, at least in part, the moderate correlation between measured REE and REE calculated with these equations in our medical ICU patients. Moreover, the Bland-Altman method evidenced that the clinical relevance of these predictive methods was not better than our equation. For instance, the Fusco equation seemed more predictive of the mean REE of our entire population, but more variability was introduced by this method in individually calculated REEs, as shown by our Bland-Altman analysis.
To overcome the limitations of Harris-Benedict equations, correction factors were devised for different clinical situations (6) . Knowing that the heterogeneity of REE increases in critically ill patients (37) , some authors even proposed numerous factors, virtually one for each type of illness (5) . Others advocated a single correction factor for all critically ill patients (27) . However, none of those correction factors took into account the severity of the clinical conditions and the individual variations of each patient's response to his or her disease (21) . Furthermore, these corrective factors were usually derived from measurements obtained for small groups of noncritically ill patients (6) . In addition, the imprecision of these corrective factors can be explained by methodologies that failed to consider the limitations of indirect calorimetry, especially the requirement of strict quality criteria for validating the metabolic data collected (21) . Our results confirmed that usual stress correction factors introduced wide variability into REE prediction (31) .
In this study, we applied rigorous methods to validate metabolic measurements and preclude erroneous values with indirect calorimetry by using different quality criteria and multiple exclu- (21) . Furthermore, some clinical conditions falsify REE measurements obtained by indirect calorimetry (21) . In our study, we excluded 20 of the 65 patients eligible for REE assessment because these patients were mostly very unstable and died before we could perform REE measurements. In our previous pilot study, 70 of 132 eligible patients were not included for similar reasons (21) . The conditions of metabolic stability preclude the use of indirect calorimetry, stressing the limits of this method for assessing REE in critically ill patients.
The accuracy of our proposed equation could be explained in many ways. First, weight is a more important determinant in the Harris-Benedict equations than in our model. In the ICU, weight varies from one day to another, because of edema and perturbed cellu-lar hydration, and does not precisely reflect the active metabolic cell mass (21) . Moreover, the use of adjusted weight, as recommended by the American Society for Parenteral and Enteral Nutrition (38) or other authors (5, 39) , could be a solution only for stable overweight patients. Conversely, height is a stable biometric variable and it is accorded more power in our model. Temperature, which considerably influences REE by modifying metabolism, is also included in our equation but not in the Harris-Benedict equations, except when corrected by a specific factor. Finally, minute ventilation, a variable physiologically linked to REE, is also included in our model. Under stable conditions, minute ventilation is proportional to metabolism, participating in the calculation of energy expenditure from oxygen consumption and CO 2 production according to the de Weir equation (29). This variable is easily accessible for every mechanically ventilated patient. Our proposed equation is based on four independent variables physiologically implicated in metabolism and REE: static height, less stable weight, and the dynamic biometric variables temperature and minute ventilation.
Our study has several limitations. First, we estimated our patients' REE by indirect calorimetry during periods of relative stability because this method requires steadiness for accurate measurements (12, 21, 31) . Even though our patients were severely ill, considering their Simplified Acute Physiology Score II and ICU outcomes, it could be argued that measurements made during periods of respiratory and hemodynamic stability could underestimate REE. In our clinical experience, most ventilated patients briefly satisfy these stability criteria, thereby allowing their REE to be estimated with the predictive equation and with measured indirect calorimetry using our method (5-min periods). Second, the population in which we validated our equation consisted of recently mechanically ventilated patients, and REE was measured early in the course of their illness, as evidenced by the disparity between estimated caloric requirements and actual caloric intakes. Based on our findings, we cannot draw conclusions about the accuracy of this predictive equation for other patients, such as those suffering from multiple traumas, surgical conditions, or burns. However, our method remained well correlated with measured REE when it was applied to subsets of patients with renal failure, patients with documented infection, or patients requiring inotropic and/or vasopressor support. We must interpret these results cautiously, as they are subgroup analysis. Further prospective validations in such populations, rather than simultaneously, are needed to confirm our results under these specific conditions.
CONCLUSION
Using only four independent and easily obtained physiologic variables involved in metabolism-height, weight, temperature, and minute ventilation-our proposed equation accurately estimated REE in mechanically ventilated critically ill patients. Moreover, two of those variables (temperature and minute ventilation) are directly linked to metabolism and energy expenditure. Finally, our findings emphasized the inaccuracy of the most widely used REE predictive equations and the wide variability introduced by correction factors.
